Purpurin (1,2,4-trihidroxyanthraquinone), a naturally occuring anthraquinone pigment present in the root of Rubia tinctorum (Mull. Arg.) Zahlbr. was isolated from the plant, purified and characterized by HPLC chromatography, UV-vis and NMR spectroscopy. The geometries of the purpurin conformers were optimized using the B3LYP/6-311+G(d,p) level of theory. It was found that all conformations have similar energies and that the corresponding purpurin radicals are planar. In spite of their planarity, there is no significant electron delocalization over the A and C rings. The antioxidant properties of purpurin were investigated using the colorimetric assay as Trolox-equivalent antioxidant capacity, and theoretical BDE (Bond Dissociation Enthalpy). Both methods revealed that purpurin has strong antioxidant capacity. Recent scientific studies have confirmed that purpurin, alizarin and their derivatives possess biological activity including antimicrobial and cytotoxic activities, and also have a strong inhibitory effect on the genotoxicity of several carcinogens [14] [15] [16] [17] . Extract of Rubia
tinctorum has been used for treatment of kidney and bladder stones [18, 19] . Several screening methods of anthraquinones in Rubia tinctorum L., based on reversed-phase high-performance liquid chromatography (RP-HPLC) have been described in literature [12, 20] .
There are two basic and most applicable reaction pathways through which free radicals (ArO • ) are formed from antraquinones (ArOH). The first includes rapid hydrogen atom donation to a present radical (1) , through which a new radical, more stable than the initial one, is formed (Hydrogen Atom Transfer-mechanism -HAT), leading to the direct OH bond breaking.
• • ArOH + HO ArO + HOH →
The second reaction pathway is Proton-Coupled Electron Transfer (PCET) mechanism (2) , by which the primary antioxidant transforms into radical cation, donating an electron to a free radical present in the system (e.g. lipid or some other radical). This mechanism leads to indirect H-abstraction. 
In the HAT mechanism the proton and electron are transferred together, whereas in the PCET mechanism the proton and electron are transferred between different sets of molecular orbitals [21] [22] [23] [24] . The net result of both reactions is the same. The reactions occur in parallel by different rates. Many important biochemical processes obey the above mentioned mechanisms.
Both HAT and PCET mechanisms have been the subject of investigation. Which mechanism will be dominant in a given reaction depends on the phenolic OH bond strengths. The OH bond strength can be expressed as the OH bond dissociation enthalpy (BDE). This molecular property can be used in the assessment of possible radical scavenging potential of the molecule. BDE is calculated as the difference between the molecule (purpurin in this case) and its radical enthalpies. Density functional theory (DFT) often produces reliable results on the BDE with relatively reasonable computational cost [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . It is worth pointing out that the small BDE value means that the OH bond is weak, and that the reaction will probably obey the fast HAT mechanism. On the other hand, in the PCET mechanism, the ionization potential of ArOH plays an important role, because the rate of formation of ArOH +• determines the rate of the overall reaction. Whichever mechanism is operative, removing a hydrogen atom from ArOH needs to be easier than that from HOH. This means that both reactions (1) and (2) should be thermodynamically favorable, and that the formed radical species ArO
• needs to be relatively stable. In this way, the antioxidant molecule prevents or postpones toxic effects of radicals (such as the oxidative stress), slowly reacting with the substrate and faster with the present radicals. In these reactions, neither the antioxidant molecule nor the final product obtained from it have toxic or pro-oxidant effects [37] .
The first part of this work is devoted to HPLC characterization of Rubia tinctorum L. specimens collected in central Serbia, isolation of major pigment, purpurin, and its characterization by UV-vis and NMR spectrescopy, and determination of its antioxidant capacity. In addition, a DFT study on the reactivity of the OH groups in purpurin and the structural and electronic features of the purpurin radicals were performed. The results for BDE, HOMO, and spin density of purpurin are presented. Structure-activity relationships are examined in the light of these results. Particular attention is devoted to the DFT interpretation of the reactivity of the OH groups in purpurin and the radicals formed after H removal from this molecule. Keto-enol tautomerism before H-abstraction is also discussed to explain the role of the OH groups.
EXPERIMENTAL

Chemical reagents
All reagents used in the experiment were analytical grade in the highest purity available. Acetonitrile was of HPLC grade, and was purchased from Merck (Darmstadt, Germany). Deionized water used throughout the experiments was generated by a Milli-Q academic water purification system (Milford, MA, USA).
Plant material
Plant material was collected from Central Serbia (10 km south of the Aranđelovac town) during July, 2008.
The studied plant was identified by Prof. Dr. Vasiljević, Department of Biology, Faculty of Science, University of Niš, Serbia, as Rubia tinctorum (L.) (voucher specimen UNI-2403).
Preparation of plant extract and isolation of purpurin
The plant material was air dried at room temperature (26 °C) for one week, after which it was grinded to a uniform powder. After extraction with methanol the residue was hydrolysis with 2 mol/L HCl, neutralized with solution NaOH and extracted with methanol. After evaporation of the solvent, the residue was partitioned between chloroform and water. The chloroform fraction was extracted with 1 mol/L NaOH, which was then acidified with HCl and extracted with chloroform. This extract was chromatographed on Sephadex LH-20 (eluent chloroform-methanol 20:1, 10:1, 5:1 and 1:1) to yield purpurin which was identified according to spectral data [38] . Purpurin is a crystalline solid that forms red needles melting at 260 °C.
High-performance liquid chromatography (HPLC) analysis
High-performance liquid chromatography (HPLC) analysis was carried out on an Agilent 1200 Series HPLC instrument with C18 column (C18; 25 cm×4.6 mm, 10 m) and UV-vis spectrophotometric detector with two solvents, water and acetonitrile, in a linear gradient program ( Table 1 ). The sample injection volume was 10 μl. The flow rate of the mobile phase was kept constant at 1.0 mL min -1 and the chromatogram was recorded at 250 nm while the UV spectra were monitored over a range of 600 to 200 nm. Purpurin was identified by comparison of its retention time and absorption spectrum to this of standard solution of purpurin. 
NMR Spectra
The 1 H-and 13 C-NMR spectra of purpurin were recorded at room temperature on a Bruker NMR spectrometer (500 MHz for 1 H-and 125 MHz for 13 C-NMR). TMS was used as internal standard. The samples were prepared by the dissolution of purpurin in DMSO (signal for 1 H-at 2.5 ppm and at 39.5 ppm for 13 C-NMR).
Antioxidant activity
The 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) were obtained from Fluka (Switzerland). The total antioxidant activity of purpurin was determined by the colorimetric assay as Trolox-equivalent antioxidant capacity (TEAC). The stable ABTS radical monocation (ABTS +• ) was generated by the incubation of 7 mM ABTS with 2.5 mM potassium persulfate in the dark at room temperature for 16 h before use. The ABTS +• solution was diluted immediately prior to assay to an absorbance of 0.70±0.02 at 734 nm. 500 μL of diluted ABTS +• solution was placed in the quartz cuvette to record the initial absorbance. Then, various concentrations of purpurin or Trolox were added to each cuvette, mixed by inversion, and the absorbance was read exactly at 60 s after addition. Parallel blanks were performed in each assay with the appropriate solvent alone. The percentage inhibition compared to initial absorbance after 60 s was plotted as a function of sample or Trolox concentration. TEAC value was expressed as the ratio of sample and Trolox slope (a sample /a Trolox ). Each assay was carried out in triplicate.
Computational method
All calculations were performed in vacuum, using Gaussian09 software package [39] , at the B3LYP/6--311+G(d,p) level of theory [40] . Six different in-plane conformations of purpurin were found and investtigated. The differences between conformations are in OH groups orientation at C1, C2, and C4 atoms. Obtained geometries were verified to be minima on the potential energy surface by a normal mode analysisno imaginary frequencies were found. Transitions to the lowest excited singlet electronic states of purpurin were computed by using the TD-B3LYP procedure [40--42] . The influence of methyl alcohol as solvent upon the electronic transitions was approximated by the polarized continuum model PCM [43, 44] . UV-vis spectral analysis was performed using ChemCraft 1.5 [46] , and Gaussum [45] . The calculation of NMR spectrum of purpurin was performed using the GIAO (Gauge-Including Atomic Orbitals) method [47, 48] , implemented in the Gaussian package. In order to express the chemical shifts in ppm, the geometry of the tetramethylsilane (TMS) molecule was optimized, and then its NMR spectrum was calculated by using the same method and basis set as for the calculation of purpurin molecule.
The obtained zero point energies were used to correct all energetic terms using the recommended scaling factor of 0.9887 [49] . Natural bond orbital (NBO) analysis [50] was performed for all structures. Bond dissociation enthalpy (BDE) for purpurin ( H present the enthalpy of purpurin, purpurin radical, and hydrogen atom, respectively. The ionization potential (IP) was obtained as the energy difference between the POH and POH +• species.
RESULTS AND DISCUSSIONS
The HPLC chromatogram of the crude extract of Rubia tinctorum is shown in Figure 1 . The t R values for purpurin is 25.24 min. Beside purpurin, very important anthraquinone alizarin was also identified (t R = 23.64 min). The identification of these compounds were performed by comparison of their t R values with the standard substances. The UV-vis absorbance spectral results also correspond to the literature data [51] . Bearing in mind the importance of the pigment purpurin, this anthraquinone was isolated from the extract by column chromatography on silica gel. Purpurin contains three hydroxyl groups located in the same ring. These groups can play an important role in the expression of antioxidant activity of purpurin. To find the most stable conformation of purpurin, which will be used for further investigations, the conformational space of purpurin was explored as a function of the torsion angles τ1 (C2-C1-O1-H), τ2 (C3-C2--O2-H) and τ3 (C3-C4-O4-H). In this way, the preferred relative positions among OH groups in relation to benzene ring were determined. The minimization procedure yielded a planar conformation (τ1 = τ2 = τ3 = 180°) as the most stable structure (1 in Figure 2 ). By removing constraint for the torsion angles, the conformational absolute minimum was found at (τ1 = τ2 = τ3 = = 180°. Five local minima were also found, i.e., conformations 2-6, which are less stable than 1 by 22.1, 60.9, 58.3, 84.5, and 121.5 kJ/mol, respectively (Table 2 and Figure 2 ). Figure 2 shows that there is no deviation from planarity in any conformation of purpurin. Bond lengths of the absolute minimum 1 calculated in vacuum and methanol as solvent are presented in Table 3 . Table 3 shows that there are no significant differences between the geometries optimized in vacuum and methanol. In addition, it is evident that the majority of bonds in rings are longer than double bond, and shorter than single bond. The double bonds around the carbonyl groups in the ring C indicate a cross-conjugated system in which the delocalization is allowed only between A and C, or B and C, but not between A and B rings. The results of NBO analysis of 1 reveal two strong double bonds in C9-O and C10-O carbonyl groups, which form hydrogen bonds with the hydrogens of the adjacent hydroxyl groups. These hydrogen bonds have a significant stabilizing effect, as in emodin [52] and lichexanthone [53] . Structure 6, which lacks these hydrogen bonds, is the most unstable conformation of purpurin (Table 2) .
To verify the geometry obtained by the DFT method, detailed analysis of the experimental and theoretical UV-vis and NMR spectra was performed. Both experimental and theoretical UV-vis spectra are presented in Figure 3 , whereas calculated electronic transitions are given in Table 4 . There is generally a very satisfactory agreement between the observed and predicted wave numbers and intensities.
The maximum for band A, whose calculated value is 467 nm, corresponds to the experimental value of 482 nm. This is essentially a HOMO-LUMO transition, involving excitation from π to π*. The shapes of the orbitals are shown in Figure 4 . They indicate that the transition is associated with significant charge-transfer form the ring B to the ring A, similar to the situation characterizing the color bands in related compounds, such as chrysazin and anthralin, and the first strong UV-vis band of the parent anthraquinone chromophore [54] .
Similar charge transfer from the ring A to the ring B is observed for peak B, whose theoretical maximum is predicted at 305 nm. This band is in good agreement with the experimental polarization value of 291 nm. This transition involves excitation from HOMO-4 to LUMO. The experimental value for peak C at 252 nm is in excellent agreement with the calculated electronic transition of 254 nm. This peak mainly represents excitation from HOMO-1 to LUMO+1. The experimental and calculated 1 H-and 13 C-NMR spectra of purpurin are presented in Table 5 .
Obviously, there is a very good agreement between the experimental and theoretical values for the chemical shifts of the proton spectrum. Scaled theoretical values (scaling factor 0.953) for 13 C chemical shifts are also in accord with the experimental data. The agreement between the experimental and theoretical results indicates that the structure of purpurin used for the UV-vis and NMR measurements corresponds to that of 1 ( Figure 2) .
It is well known that some anthraquinones are very good antioxidants. The structure of purpurin indicates a possibility of conjugation and antioxidant properties. This assumption is based on the suggestion of van Acker et al. [55] and Rice-Evans et al. [56] , who supposed that the antioxidant properties of flavonoids could be derived just from their good delocalization possibilities. The same consideration can be applied to anthraquinones. Bearing this in mind, purpurin was screened for its antioxidant potential using the relative ability to scavenge the ABTS +• radical cation generated in the aqueous phase, expressed as the Trolox equivalent antioxidant capacity (TEAC). Purpurin was found to have the TEAC value of 1.950±0.008 mM. This result is in agreement with that reported [57] , and indicates that purpurin has a good antioxidant activity. There is no detailed description of the radical cation of purpurin in literature. The radical cation formed by removing an electron from 1, Figure 2 , is planar, and hydrogen bonds are retained as in the parent molecule, contributing to further stabilization. The obtained value for the ionization potential (744.2 kJ/mol) of 1 is higher than the corresponding values for flavonoids [25] , but is lower than the corresponding values for emodin and lichexanthone [52, 53] . On the basis of the ionization potential value, stronger antioxidant activity of purpurin than that for emodin and lichexanthone can be expected.
It is well known that there is good correlation between antioxidant activity and BDE values [25, 52] . For this reason, the values of BDE for the OH groups of purpurin were determined. The obtained results (Table  2) show that 1-OH and 2-OH groups are responsible for the antioxidant activity of purpurin. The BDE value for homolytic cleavage of the 1-OH bond is higher than those for dissociation of the OH groups in fisetin [58] , and particularly in quercetin [25, 26] . On the other hand, the obtained value is lower than the corresponding value for emodin [52] .
In the text below, some properties of the radicals, formed by homolytic cleavage of the OH groups of purpurin will be discussed. Geometry optimization of the radicals was performed by starting from the optimized structure of the parent molecule 1, and removing a hydrogen atom from the OH groups at positions 1, 2 and 4. In the further discussion, the radical formed by H-removal from the x-OH group of purpurin is called the x-OH radical (x = 1, 2, or 4), for example 2-OH radical. Since the BDE value for 4-OH radical is significantly higher than that of 1-OH radical by almost 40 kJ/mol, only 1-OH, and 2-OH radicals will be further considered.
Inspection of the geometries of the obtained radicals shows that they retain planarity, like the parent molecule. Inspection of Table 3 allows further comment on the electronic structure of both radicals. In both radicals, complete delocalization involves only ring A, while ring B is characterized by three double bonds in 1-OH radical (C1-O, C2-C3, and C11-C12), and by two double bonds in 2-OH radical (C2-O and C3-C4). On the basis of these structural features of the radicals, it is clear that delocalization between rings C and B is restricted. A consequence of the restricted delocalization is the decreased stability of both radicals, implying that their BDE values are slightly higher in comparison to those obtained for the majority of the flavones [25, 26, 57] .
To understand the relationship between the electron delocalization and the reactivity of a radical, the electron distribution in the singly occupied molecular orbital (SOMO) needs to be examined. The SOMO of the 1-OH radical ( Figure 5 ) is mainly delocalized over carbonyl groups. As SOMO is the α-highest occupied molecular orbital, it does not describe the global electronic behavior of the radical, and its shape is not a reliable indicator for the reactivity of the purpurin radical. Spin density is often considered to be a more realistic parameter, and provides a more reliable representation of the reactivity [54] . The importance of spin density for the description of flavonoids has been pointed out in the papers of Leopoldini et al. [25, 26] , and Marković et al. [36, 52, 53] . The lower the BDE value, the more delocalized spin density in the radical, and easier radical formation are. As this consideration can be applied to antraquinones, the spin density in the purpurin radical was analyzed. The spin density distribution in the 1-OH radical indicates the oxygen atom bonded to C1 as the most probable radical center, followed by the adjacent carbons C2 and C11, and nonadjacent carbons C4 and C12 ( Figure 5 ). Weak delocalization of the spin density exists over the ring C.
The OH groups of purpurin can also undergo ketoenol tautomerism. Hydrogen atom from 1-OH position can migrate to positions 2 or 11, thus yielding two tautomers (Scheme 1). The BDE values for the formation of the 1-OH radical by H-abstraction from the C2 and C11 of the keto forms of 1 were calculated (Table 2) , and the values of 163.80 and 244.68 kJ/mol were obtained. These low BDE values indicate the relatively high capacity of H-removal from the C11, and especially from the C2 site in the keto forms. However, it should be noted that the keto forms of purpurin are less stable than the enols form, the latter being stabilized by π-conjugation in the B-ring. The differences in stability between 1, and C2 and C11 keto forms amount to 198.35 and 117.47 kJ/mol in favor of purpurin. For instance, in the case of emodin and quercetin this difference in stability is only 61.5 and 83.8 kJ/mol [52] , whereas for lichexanthone it amounts 271.9 kJ/mol [53] . These differences in stability between enol and keto forms indicate that the contribution of keto forms can be considered negligible for purpurin as a free molecule. On the other hand, it can be presumed that, in some enzymatic processes, stability difference between two forms is reduced, so that keto forms become relevant, and then H-abstraction from the C2 or C11 positions can take place easily, thereby contributing to the antioxidant properties.
CONCLUSIONS
The HPLC characterization of the extract of Rubia tinctorum specimens collected in central Serbia was perfomed. The very important anthraquinone, purpurin, was isolated and identified using HPLC, UV-vis and NMR spectral methods. The purpurin structure was determined by B3LYP/6-311+G (d,p) method. Comparison of the calculated UV-vis and 1 H-and 13 C-NMR spectra with the experimental data confirmed that structure 1, Figure 2 , is likely structure of purpurin. Biological activity of anthraquinones is associated mainly with their tricyclic scaffold, but it may vary depending on the nature and/or position of substituents. On the basis of the obtained results, it is clear that purpurin, as well as its radicals, appears to be a planar tricyclic species. In spite of the planarity of the radical structure, there is no electronic delocalization between adjacent rings. It is supposed that this is one of the main reasons for higher values of BDE in comparison to those for flavones. In addition, the increased BDE values can be attributed to the cleavage of the strong hydrogen bonds, involved in the process of H-removal. Theoretical results are in accord with the experimental TEAC value. It was found that enol form is the most stable tautomer of the free molecule. Keto forms, which possess some lower BDE values for H-abstraction on the C2 or C11 atoms, might play a significant role in real systems, depending on the molecular environment of purpurin and on oxidative system acting on the molecule.
